Electron mobilities exceeding 10 7 cm 2 /V sin modulation .. doped GaAs A modulation-doped Al o . 35 Ga O . 65 As/GaAs single interface structure with a 700 A undoped setback grown by solid-source molecular beam epitaxy (MBE) shows a Hall mobility of 11.7 X 10 6 em 2 IV s at a carrier density of 2.4 X 1011 electrons/cmz measured in van der Pauw geometry after exposure to light at 0.35 K. This is the highest carrier mobility ever measured in a semiconductor. Similar Alo32 Guo 63 As/GaAs structures with 1000-2000 A setbacks show
Hall mobilities in the dark at 0.35 K as high as 4.9 X lOt cm 2 /V s for carrier densities of 5.4 X 1010 electrons/cm 2 and lower.
The discovery of modulation doping I in 1978 led to an immediate improvement in the low-temperature mobility of GaAs because it afforded a physical separation of the electron carriers from the positively ionized donor parent atoms.
This improvement has continued year by year until it now approaches four orders of magnit ude. The low-temperature electron mobility of modulation-doped GaAs is now the highest of any semiconductor, and has become the benchmark of GaAs epitaxial quality. In this letter we report on improvements to our molecular beam epitaxy (MBE) system and to the modulation structure that makes possible new record mobilitics that exceed previous work by more than a factor of 2 at high two-dimensional electron gas (2DEG) densities,2 and by nearly an order of magnitude at low densities.
3 Figure 1 shows the temperature dependence of the Hall mobility of our best sample which has a low-temperature saturated mobility of 11.7X 10" cm 2 /V s at 2.42 X WI! electrons/cm 2 in the 2DEG after exposure to light at 0.35 K.
Similar data for a previous sample grown by English et at? are also shown together with some of the earlier landmark samples in the history of modulation-doped GaAs.4 We will discuss these results in more detail below.
OUf samples were grown in a modified Gen II MBE system 5 that had grown some of the previous record mobility GaAs samples before modification. 2 We modified the system a:ll follows: 0) all-metal valves were installed throughout to eliminate the outgas load from the VHon seals; (ii) the loadlock was redesigned with a new manifold and a 3000 tis Heclosed-cycle cryopump that improved the loadlock pumping speed by a factor of 30 and lowered its transfer pressure after an overnight pump down from 10 8 to 10 -t t Torr; (iii) the pumping speed in the growth chamber itself was increased by a factor of 12 with the addition of two 3000 liS cryopumps; and (iv) the entire system including the cryopurnps was vacuum baked at 200 °C into the operating cryopumps. Even with their impressive ultrahigh vacuum (DRV) pumping speed, closed-cycle cryopumps have not been widely used in the past for UHV because commercial equipment contains indium seals and epoxy and is thus not vacuum bakeable. The importance of this limitation can be <,ppreciated by recalling that the outgas rate of unbaked stainless at 295 K drops by four orders of magnitude after a 100 h UHV bakeo at 200 °e. Clearly, if 1 % of the surface area of a DHV chamber is left unbaked, it will dominate the out gas behavior oftne entire system. However, it is important to emphasize that there is no need to bake the cryogenic surfaces within a cryopump, because during pump operation these surfaces outgas negligibly even at 10-14 Torr. Fortunately, the unbakeable materials in a cryopump are all confined to the cryogenic parts, so the solution for achieving DHV is to bake the cryopump waH surfaces while the cryopump is in fun operation.
The thermal load seen by the cryopump as its own stainless walls are baked at 200 °c is about 200 W, which radiatively couples to the first refrigeration stage of the pump nominally clamped at 77 K. Because even a large He-closedcycle cryopump such as a cn CT -10 coupled with a large compressor7 is capable of cooling only -50 W at this stage, we found it necessary to incorporate additionalliquid-nitrogen cooling directly to this stage during the bakeout using equipment of our own design. This modificationS allows fully functional UHV cryopumping while all vacuum surfaces of the MBE chamber including all ofthe cryopump walls are baking at 220 DC. OUf baking procedure used three CT -10 cryopumps to maintain the system pressure on the 10-8 Torr scale as the temperature of the entire MBE system was uniformly and gradually raised until it reached 200-220 dc. The entire procedure consumed eight weeks, but would have been less after a less extensive exposure of the MBE chamber to air. The system was then allowed to cool to room temperature, the internal shrouds were filled with liquid nitrogen, the 500 (/s ion pump and the titanium sublimation pump were activated, and the AI, Ga, and As furnaces were turned to running idle at 850, 800, and 85 DC, respectively.
After three days the chamber pressure read 1.5 X ]O-!2 Torr on a Leybold IM520 extractor ion gauge. 9 We emphasize that extractor gauges of this type are not subject to the usual internal x-ray limited rcading of conventional BayardAlpert gauges. 10 We believe this is the lowest base pressure ever achieved in a room-temperature MBE chamber in running-idle condition.
It is interesting to note that the 500 lis ion pump of the type originally supplied with the MBE machines appears to be no longer useful in this pressurc regime. The total chamber pressure always tended to be slightly lower with this ion pump turned off.
A residual gas analyzer confirmed that the dominant partial pressure at 10 12 Torr was hydrogen at mass 2, and showed that all mass peaks between 3 and 70 corresponded to partial pressures of < 2 X 10-n Torr.
The cleanliness of our growth chamber and of the arsenic, 11 aluminum, !2 and gallium 13 solid sources can be characterized by the photoluminescence (PL) spectrum of Fig.  2 , which was obtained from a 500o-A-thick undoped MBE AIo3 Ga O . 7 As layer grown 37 samples after the bakeout described above. Note the absence of a free-to-bound carbon acceptor peak expected at a shift of 18 meV. Any acceptor peak is certainly much less than 1 % of the free-exitonic luminescence peak at 1940 meV. We thus confirm the results of Shiraki et al. 14 who used such a PL spectrum to demonstrate the high quality of the Al supplied by the Vacuum Metalurgical Company. \2 We explicitly note, however, that our PL acceptor peak appears to be even lower than Ref. 14, and we attribute this to the lower base pressure in our machine. The layer sequence for the growth ofthe 11. 7 X 10 6 cm 2 / V s sample is shown in Fig. 3 together with a schematic profile of the bottom edge of the conduction band relative to the Fermi level. The MBE growth conditions were as follows: GaAs growth rate 1 monolayer/s under minimal AS4 fiux, with the undoped semi-insulating [100J substrate maintained within 10 °C of the 640°C congruent sublimation temperature of GaAs. Note the structure of Fig. 3 separates the Si at layers 212-218 which are used for band bending near the sample surface from layer 208, the 8i doping required to populate the 2DEG. 15 It is important that the nearsurface 8i doping is adequate, because any electron transfer from layer 208 to the sample surface would create extra Si + sites at layer 208, and thus extra ionized scattering in the 2DEG. However, too much Si in any doped layer can result in an undesired conductive path in parallel with the 2DEG.
AU of the electrical transport measurements reported here in Figs. 1 and 4 were done on cleaved squares a few millimeters on a side, contacted at their edges and corners with metallic In which was diffused into the sample for 10 min at 425°C in forming gas, and then In solder bonded to 25 pm Au lead wires. The low-field 2DEG carrier concentrations established by Hall measurements were confirmed by high-field Shubnikov-de Haas magneto resistance measurements, which show sharp, deep minima with Pxx::::;O at the integral quantum Hall effcct (lQBE) densities. These measurements confirm the absence of possible parallel conduction paths in layers adjacent to the 2DEG. The fractional quantum Hall effect (FQHE) minima are also sharp and deep, and have already provided unprecedentedly high resolution for new FQHE physics. 16 Referring again to our sample plotted in Fig. 1 , we note that the values plotted there are in each case measured in the dark after a 20 min exposure to red light at low temperature. Under these conditions, the low-field mobilities at 295, 77, 4.2, and 0.35 K are 6.25X 10" 2.6X 10 5 , 6.4x 10 6 , and Over the past several months we have grown more than 20 modulation-doped samples at various 2DEG densities that have shown mobilities exceeding 5X 10 6 cm 2 /V s. The transport properties of all of these samples and of the best samples plotted in Fig. 1 are nearly indistinguishable above ~ 80 K. This is because at high temperatures, the electron mobility is limited by polar optical scattering,17 which depends only on the lattice properties of ideal GaAs. Between 80 K and a few degrees K the 2DEG mobility is largely limited by deformation potential and piezoelectric scattering. 17 These effects introduce aT 1 dependence on the mobility, and this is also a fundamental limit in the sense that it is determined by t.he acoustic properties of ideal GaAs.
The major source of scattering under control of the MBE grower is ionized impurity scattering from intentional or inadvertent impurities in either the GaAs channel or substrate, or the AiGaAs barriers. Ionized impurity scattering is expected to be practically temperature independentl7 below ~ 50 K for our electron densitieso Thus, as the measurement temperature is reduced to a few degrees K, ionized impurity scattering becomes more and morc dominant over the rapidly falling effects of optical and accoustic scattering, and it becomes readily possible to distinguish between samples of differing quality. Figure 1 testifies to the progress over the years in reducing ionized impurity scattering, and for the nced to measure at ever lower temperatures to differentiate between 2DEG samples of ever bettcr quality.
We emphasize that ionized impurity scattering imposes no fundamental limit on the low-temperature mobility. In principle, the unintentional impurity content of the modulation-doped structure can be reduced indefinitely, and the undoped setback can be increased greatly so the mobility could yet rise by orders of magnitude at sufficiently low temperatures for sufficiently perfect samples. In this connection, we note our observation of a broad maximum at 700-1000 A undoped setback in the distribution of our highest mobility samples plotted as a function of the undoped setback thickness. Using an argument ofWalukiewlcz et a/.
l7 we estimate that the total ionized impurity content in the GaAs channel for our best samples must be less than -2X 1013 cm-3 •
In Fig. 4 we plot the 0.35 K mobilities of the 11. 7 X 10 6 cm 2 IV s sample and of two lower density samples as a function of2DEG carrier density. The 2DEG carrier density in a given sample was varied either by application of controlled exposure to light or by electrical gating with a backside electrode. For comparison, we have also plotted some recently published low-density mobility data from the group at Princeton University.' Despite a factor of five improvement in the mobility of our samples relative to Ref. 3 we obtain essentially the same log-log slope. AU samples in Fig. 4 can be fitted within a scatter of ~ 20% to the simple relation .u = (rIDEG)ct, with a-zO.7. We thus confirm the Princeton resule that a < 1, and show further that it remains true even after the impurity scattering is reduced sufficiently to increase the sample mobility by nearly an order of magnitude. This clcar experimental result is all the more noteworthy because it seems to be at variance with all known theoretical treatments 17.1R of ionized impurity scattering in mcdulationdoped GaAs. 
